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BACKGROUND: Preeclampsia (PE) is a dangerous and unpredictable pregnancy complication. A seasonal pattern of risk would suggest that there are
potentially preventable environmental contributors, but prior analyses have not adjusted for confounding by PE risk factors that are associated with
season of conception.
METHODS: Seasonal effects were modeled and tested by representing each day of the year as an angle on a unit circle and using trigonometric func-
tions of those angles in predictive models, using “harmonic analysis.” We applied harmonic Cox regression to model confounder-adjusted effects of
the estimated day of the year of conception on risk of PE for births from the Medical Birth Registry of Norway for deliveries between 1999 and
2009. We also examined effect measure modification by parity, latitude (region), fetal sex, and smoking.
RESULTS: In adjusted models, PE risk was related to season, with higher risk in spring conceptions and lower risk in autumn conceptions, with a risk
amplitude (maximum compared with minimum) of about 20%. The pattern replicated across subpopulations defined by parity, latitude (region), fetal
sex, and smoking.
CONCLUSIONS: These results suggest that there is a seasonal driver for PE, with effects that are not modified by parity, latitude, fetal sex, or smoking.
https://doi.org/10.1289/EHP963

Introduction
Preeclampsia (PE) is a common and life-threatening hypertensive
disorder of pregnancy. Diagnosed clinically by elevation in
maternal blood pressure after 20 wk gestation, it is often accom-
panied by proteinuria. The biological onset is insidious, due to
the subtlety of the symptoms (ACOG 2002). Typically seen in
women having their first pregnancy, PE can rapidly progress to
eclampsia, with seizures and risk of maternal and/or fetal death.
Once PE is diagnosed, medically indicated delivery is considered
because such an intervention is generally curative for the mother.
However, if PE is diagnosed prior to 34 wk gestation, the risks
involved in delivering a very immature baby must be weighed
against the risks for both mother and baby that are imposed by
continuing the pregnancy.

The pathophysiology of PE is not fully understood and it is
unclear whether one should look for causative conditions in early
pregnancy or later, when the syndrome becomes clinically appa-
rent (Levine et al. 2005; Thadhani et al. 2004). Although the ma-
jority of cases are diagnosed late in the third trimester, evidence
suggests that in some instances an underlying placental abnor-
mality was present much earlier in gestation, as inferred from evi-
dence of shallow invasion of the myometrium and inadequate
remodeling of spiral arteries (Powe et al. 2011). At a later stage
in gestation, inadequate perfusion of the placenta may cause an

increase in maternal blood pressure, at which point the condition
becomes clinically apparent. For cases where placental abnormal-
ities originate early in gestation (Powe et al. 2011), the critical
period for causative exposures (and preventive measures) may be
during the first trimester (Huppertz 2008), despite the fact that
the condition will not be diagnosed until much later.

Based on epidemiologic research, high maternal body mass
index (BMI) (Thadhani et al. 1999), polycystic ovary syndrome
(Palomba et al. 2015), preexisting hypertension, primiparity
(Hernández-Díaz et al. 2009), family history (Boyd et al. 2013;
Esplin et al. 2001; Skjærven et al. 2005), and a history of PE
(Boyd et al. 2013) are recognized risk factors. There is also evi-
dence that risk is associated with short stature (Basso et al. 2004),
high altitude (Dávila et al. 2012), subfecundity (Basso et al.
2003), and long inter-pregnancy interval (Basso et al. 2001;
Skjærven et al. 2002). Maternal cigarette smoking, a risk factor
for many adverse reproductive outcomes, is well known to be
associated with lower risk of PE (Conde-Agudelo et al. 1999;
Engel et al. 2013). Smoking protection appears to require com-
bustion by-products and not just nicotine, based on evidence
from Sweden that use of smokeless tobacco (snuff) instead
increases PE risk (England et al. 2003; Karumanchi and Levine
2010; Wikström et al. 2010). Except for smoking, no strong envi-
ronmental risk factors have been identified, but evidence suggests
a relation between PE and either season of conception or season
of birth (Beltran et al. 2013; TePoel et al. 2011).

Elucidating the basis for such seasonal variation in risk could
aid in identifying preventable environmental causes, such as low
maternal levels of vitamin D or season-dependent dietary factors.
Some investigators have focused analysis on variations in
weather, usually temperature or rainfall (Tam et al. 2008; TePoel
et al. 2011; Tran et al. 2015). Infectious disease could also play a
role in some environments: Indirect evidence suggests that the
malaria cycle may be related to PE in sub-Saharan Africa (Hlimi
2015), and seasonal variation is characteristic of many other in-
fectious diseases. Some studies have focused on prevailing condi-
tions (or season) at birth, whereas others have focused on
prevailing conditions (or season) at conception.

However, previous studies of season and PE have not
accounted for the confounding effects of factors that influ-
ence both risk of PE and season of conception (and

Address correspondence to C.R. Weinberg, Biostatistics and Computational
Biology Branch, National Institute of Environmental Health Sciences,
Research Triangle Park, NC 27709 USA. Telephone: (919) 541-4927. Email:
weinber2@niehs.nih.gov
SupplementalMaterial is availableonline (https://doi.org/10.1289/EHP963).
The authors declare they have no actual or potential conflicts of financial

interests.
Received 14 August 2016; Revised 24 January 2017; Accepted 25 January

2017; Published 29 June 2017.
Note to readers with disabilities: EHP strives to ensure that all journal

content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehponline@niehs.nih.gov. Our staff
will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives 067022-1

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP963.Research

https://doi.org/10.1289/EHP963
mailto:weinber2@niehs.nih.gov
https://doi.org/10.1289/EHP963
http://ehp.niehs.nih.gov/accessibility/
mailto:ehponline@niehs.nih.gov
https://doi.org/10.1289/EHP963


consequently, of birth). Additionally, preterm birth can cut
short the time available for developing PE—an effective but
biologically uninteresting form of protection. For example, a
recent Cochrane review concluded that randomization to
vitamin D plus calcium may reduce the risk of PE but that it
also increases the rate of preterm birth (De-Regil et al. 2016),
thus restricting the time for developing PE. Therefore, to be
valid, an analysis of PE must properly account for both con-
founding and effects on the length of gestation.

Norway provides an ideal setting for studying seasonal
effects on reproduction: Its population has universally avail-
able modern obstetric care; the country stretches north-south
over a vast span of latitudes, and being far from the equator,
Norwegians experience seasonal extremes in both temperature
and hours of daylight. We used data from the Medical Birth
Registry of Norway (see Norwegian Institute of Public Health,
https://www.fhi.no/en/hn/health-registries/medical-birth-registry-
of-norway/medical-birth-registry-of-norway/) to assess possible
effects of season of conception on risk of PE. We also examined
possible effect modification of the seasonal pattern by latitude, par-
ity (first vs. later births), sex of the fetus, and smoking. If, for exam-
ple, a seasonal pattern is seen in nonsmokers but not in smokers, it
would suggest that smoking confers protection by somehow inter-
fering with the seasonal factor that produces the seasonal pattern in
nonsmokers.

Methods
We analyzed data on births recorded in the Medical Birth Registry
of Norway between January 1999 and December 2009. We chose
1999 as the starting year because that was when ultrasound-based
dating became widely available throughout Norway and when
maternal smoking started being recorded in the birth registry.
Ultrasound-based dating permits less recall-dependent and more
accurate estimation of the date of conception. We assigned the day
of year of conception by subtracting the estimated gestational age
at birth (in days) based on ultrasound dating from the day of year
of delivery, and adding 14 d. We excluded all multiple births
(n=24,369 pregnancies), and singleton births conceived through
in vitro fertilization (n=10,561). Stillbirths were included in the
analysis and censored at the time of birth (as a proxy for the time
of death). The main analysis included only pregnancies with com-
plete data on the required covariates.

PE was identified from the birth registry and we included ec-
lampsia or the HELLP syndrome (hemolysis, elevated liver
enzymes, and low platelets) because they also generally present
with hypertension and proteinuria. All diagnoses were based on
clinical guidelines in use at the time of delivery in Norway. A
total of 13,959 of the 356,662 pregnancies (3.5%) included in our
complete data analyses were recorded in the registry as being
complicated by PE.

Table 2. Coefficients of confounders, with adjustment for other confounders, season of conception, and duration of pregnancy.

Variable Reference category Coefficient Standard error HR 95% CI

Smoked then quit Nonsmoker −0:10 0.03 0.91 (0.85, 0.97)
Smoked throughout or at end of pregnancy Nonsmoker −0:50 0.03 0.61 (0.57, 0.64)
North Southeast region 0.18 0.04 1.19 (1.09, 1.30)
West coast Southeast region −0:05 0.03 0.96 (0.90, 1.01)
Years of education between 10 and 14 Lowest education −0:01 0.03 0.99 (0.94, 1.04)
Years of education ≥15 Lowest education −0:24 0.03 0.78 (0.74, 0.83)
Primiparous Parous 0.71 0.03 2.04 (1.94, 2.15)
Mother's age −0:11 0.01 0.89 (0.87, 0.92)
Mother's age squared 0.002 0.0002 1.00 (1.00, 1.00)
Married or living together as married Not married or living together 0.01 0.03 1.01 (0.95, 1.07)
Interaction between primiparity and north −0:09 0.06 0.91 (0.82, 1.02)
Interaction between primiparity and west coast 0.06 0.04 1.06 (0.99, 1.14)

Table 1. Characteristics of pregnancies excluding births in Oslo and Troms counties.

Characteristic Category No PE PE and gestation length≥37wk PE and gestation length <37wk

Total N 460,534 14,044 4,383
Average maternal age (y) 29.2 28.6 29.1
Sex of baby [n (%)] Male 236,400 (51.3) 7,364 (52.4) 2,120 (48.4)

Female 224,097 (48.7) 6,680 (47.6) 2,261 (51.6)
Missing 37 (00.0) 0 (00.0) 2 (0.00)

Region[n (%)] Southeast 236,933 (51.4) 7,115 (50.7) 2,384 (54.4)
North 49,585 (10.8) 1,638 (11.7) 505 (11.5)
West coast 173,420 (37.7) 5,274 (37.6) 1,485 (33.9)
Missing 596 (0.1) 17 (0.1) 9 (0.2)

Maternal smoking [n (%)] Nonsmoker 296,552 (64.4) 9,479 (67.5) 2,861 (65.3)
Quit during pregnancy 21,485 (4.7) 827 (5.9) 210 (4.8)
Smoked throughout 44,389 (9.6) 872 (6.2) 299 (6.8)
Missing 98,108 (21.3) 2,866 (20.4) 1,013 (23.1)

Mother’s education [n (%)] 0 – 9 y 77,481 (16.8) 2,430 (17.3) 811 (18.5)
10 – 14 y 160,971 (35) 5,356 (38.1) 1,676 (38.2)
≥15 y 197,465 (42.9) 5,741 (40.9) 1,707 (38.9)
Missing 24,617 (5.3) 517 (3.7) 189 (4.3)

Parity [n (%)] Parous 256,674 (55.7) 5,214 (37.1) 1,623 (37)
Primiparous 203,860 (44.3) 8,830 (62.9) 2,760 (63)

Mother's birth country [n (%)] Other 79,116 (17.2) 1,824 (13) 688 (15.7)
Norway 379,183 (82.3) 12,190 (86.8) 3,608 (82.3)
Missing 2,235 (0.5) 30 (0.2) 87 (2)

Married or living together as married [n (%)] No 36,012 (7.8) 1,215 (8.7) 394 (9)
Yes 424,522 (92.2) 12,829 (91.3) 3,989 (91)
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To assess the effects of season of conception, we carried out a
Cox regression in which we modeled the composite outcome of
birthwith a diagnosis of PE. The primary time scalewas gestational
time. Because the timing of birth often depends on medical deci-
sions made after the diagnosis of PE, we would have preferred to
model the time to diagnosis of PE, which, however, is not recorded
in the birth registry. Nevertheless, the diagnosis is often fairly close
to the time of birth, particularly after 34 wk, which is when the ma-
jority of cases of PEoccur (ACOG2013).

We began by exploring the association between time of year
of conception and our set of potential confounders: smoking sta-
tus, relationship status (married or living together as if married,
vs. not), parity status (nulliparous vs. parous), fetal sex, educa-
tional attainment (high school or less, vs. higher), and region.
Women were categorized according to whether they a)
reported smoking throughout pregnancy, b) reported quitting
between the first prenatal visit and delivery, or c) reported not
smoking during pregnancy. The few (n=670) women who
reported smoking at the time of delivery but had said they did
not smoke at their first prenatal visit were not numerous
enough to support separate consideration and they were cate-
gorized with those who smoked throughout pregnancy, under
the presumption that they had unsuccessfully tried to quit
while pregnant. We defined three regions: North (Nord-
Trondelag, Nordland, Tromso, and Finmark counties), West
coast (Vest-Agder, Rogaland, Hordaland, Sogn og Fjordane,
and More og Romsdal counties), and Southeast (all remaining
eligible counties; see https://en.wikipedia.org/wiki/Counties_
of_Norway for a map). We did not have data on body mass
index or prior PE, resulting in the implicit assumption that
those risk factors are not predictive of season of conception.

Any periodic effect of time on an outcome, whether a circa-
dian pattern or a time-of-year pattern, can be modeled using har-
monic analysis. Harmonic analysis exploits the fact that a smooth
cycling function can be approximated arbitrarily closely by a sum
of rescaled sines and cosines. The “first” harmonic is a linear
combination of a sine wave and a cosine wave, which approxi-
mates a cycling sine function with data-determined amplitude
and phase (Hunsberger et al. 2002). When the period of interest
is a calendar year, the first harmonic allows for a single peak and
valley in each year. The second harmonic is based on doubling
all of the angles so that there are instead two peaks and two val-
leys, allowing for two cycles per year; the third allows for three
cycles per year, and so on.

We applied a harmonic Cox model to assess the hazard of
delivery with PE. We entered as first harmonic predictors the sine
and cosine of the angle corresponding to the day of year of con-
ception [transformed to an angle based on the 365-d year, by
replacing day with an angle in radians defined by 2pðd=365Þ].
Similar predictors can be entered for the second harmonic, except
that day is replaced by twice 2pðd=365Þ, which allows a contribu-
tion of a 6-mo cycle. Additional details about harmonic regres-
sion are provided elsewhere (Weinberg et al. 2015).

The association between each covariate and time of year of
conception was evaluated by treating each covariate in turn as the
outcome and time of year of conception as a predictor, using a
harmonic logistic or linear regression model and a likelihood ra-
tio statistic to assess the improvement in fit achieved through
inclusion of the first harmonic. This approach relies on the fact
that if the risk factor for PE is a confounder for assessing season-
ality then it should be related to the time of year of conception.

To assess the association between time of year of conception
and PE risk, we also used harmonic regression, but with a Cox pro-
portional hazards model for birth with PE, using gestation time as
the time scale and adjusting for confounders that were related to
both timeof yearof conceptionand riskofPE.Althoughweallowed
up to 12 harmonics for day of the year of conception based on a sta-
tistical step-up modeling procedure, we never needed to include
more than the first harmonic (using p<0:05 to assess the improve-
ment in fit offered by the second harmonic, using likelihood ratio
tests). Follow-up for the Cox proportional hazards model was
started at 20wkand censored at the timeof birth.

Once the primary model related to time of conception using all
the data was identified, we separated the data into groups by
region, smoking status, parity status, and sex of the fetus and then
fit separate models for seasonal effects. This stratification was
done to assess whether the seasonal patterns would replicate across
independent data sets, allowing for possible effect modification
based on sunlight exposures, differences in diet, proximity to health
care, geography, and other factors. We also stratified the time at risk
by early versus late time in gestation, defined as <37 (or 34) com-
pleted weeks vs. more. Stratified results are displayed graphically as
smoothed moving averages of the dichotomous outcome (birth with
PE) across days of the year of conception (with a 61-d window,
based on ±30 d from the midpoint) to allow visual (but unadjusted
and data-driven) assessment of the seasonal patterns. We show both
the unadjusted smoothed moving average of risk across the year,
which provides a sense of the raw data, and the model-based–fitted

Figure 1. Overall unadjusted smoothed rate and fitted first harmonic adjusted relative rate of PE. The smoothed curve in (a) is based on a moving average of
outcomes that uses a window encompassing ± 30 d from each day of the year, thus estimating the fraction with PE among pregnancies conceived at each day
of the year. The fitted relative rate shown in (b) is based on the first harmonic (sine and cosine) fit to a model that is adjusted for maternal age, maternal age
squared, education, primiparity, smoking (in three categories), marital status, region of Norway, and interaction between primiparity and region. The curve
shown is based on entering the mean for all covariates, centering the estimated log hazard ratio and then exponentiating it.
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seasonal relative risk, adjusted for confounding and smoothed to be
a trigonometric function.

We carried out likelihood ratio tests to assess replicability of the
seasonal pattern across regions, three smoking categories, parity,
sex of the baby, and preterm birth where the extended model
allowed the sine and cosine coefficients to be different across strata.

In the main complete case analysis, we excluded data from
two counties that were missing more than 30% of smoking data,
that is, Oslo and Troms (n=119,028). However, the retained coun-
ties were also missing smoking data for some 20% of pregnancies.
We performed sensitivity analyses by including pregnancies from
the excluded counties and all pregnancies with missing maternal
smoking data by using multiple imputes by chained equations

(MICE) methods. In the MICE procedure [using the R package
(version 3.2.2; R Development Core Team)], the three-level smok-
ing variable was multiply imputed based on including the first har-
monic sine and cosine terms for the time of year of conception, the
occurrence of PE, and the other potential confounders listed in
Table 2 as predictors in a polytomous logistic model. We also car-
ried out analyses with MICE imputing all other missing covariates.

In additional sensitivity analyses, we excluded pregnancies to
mothers born outside of Norway (in case their conception timing,
recall of last menstrual period, or use of medical services might
be systematically different), and we carried out analyses based on
time of birth instead of time of conception (to assess whether one
had a stronger relationship to PE than the other).

Figure 2. fRegion-specific fitted adjusted relative rates and unadjusted smoothed rates of PE for Southeast (a,b), North (c,d) and West Coastal (e,f) regions of
Norway.The smoothed curve in (a), (c), and (e) are based on a moving average of outcomes that uses a window encompassing ± 30 d from each day of the year,
thus estimating the fraction with fPE among pregnancies conceived at each day of the year and within each of the three regions of Norway, Southeast (a), North (c),
and West Coast (e) (see text). The fitted relative rates shown in (b), (d), and (f) are based on the first harmonic (sine and cosine) fit to models that are adjusted for covari-
ates maternal age, maternal age squared, education, primiparity, smoking (in three categories), and marital status and within each of the three regions of Norway. The
curve shown is based on entering the region-specific mean for all covariates, centering the festimated log hazard ratio and then exponentiating it.
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Results
Table 1 shows the characteristics of the pregnancies included in
the analysis, stratified by PE and preterm birth. As expected, a
much higher fraction of first pregnancies and births to non-
smokers were complicated by PE.

The corresponding characteristics for the two excluded coun-
ties, Oslo and Troms, can be found in Table S1. Table S2 shows
results of tests of associations between covariates and season of
conception. Based on harmonic logistic regression including the
irst harmonic, the time of year of conception was highly predic-
tive of maternal smoking status. The peak probability of being a

smoker was among conceptions that occurred in May. Smoking
status clearly has the potential to confound an assessment of
seasonality of risk of PE. The other covariates that were related
to seasonality of conception (p<0:05) were relationship status,
maternal age, primiparity, education, and region (see Table S2).
Sex of the fetus was not related to season of conception.

The smoothed observed rates of PE in relation to time of year
of conception based on a moving average (averaged over a
± 30-d window) are shown in Figure 1a. Even in the raw data,
with no allowance for confounding effects, the seasonality of risk
is evident. Based on the multivariate model, there was a relation

Figure 3. Smoking-behavior–specific unadjusted smoothed rates and fitted adjusted relative rates of PE for nonsmokers (a,b), quitters (c,d), and consistent
smokers (e,f) in Norway. The smoothed curve in (a), (c), and (e) is based on a moving average of outcomes that uses a window encompassing ± 30 d from
each day of the year, thus estimating the fraction with PE among pregnancies conceived at each day of the year within the three groups of smoking. The fitted
relative rates shown in (b), (d), and (f) are based on the first harmonic (sine and cosine) fit separately to the three smoking categories, nonsmokers (a) and (b),
women who had initially smoked but had quit by the time of delivery (c) and (d), and women who smoked throughout the pregnancy (e) and (f) with models
that are adjusted for the covariates maternal age, maternal age squared, education, primiparity, marital status, region (in three categories) and interaction
between primiparity and region. The curve shown is based on entering the region-specific mean for all covariates, centering the estimated log hazard ratio and
then exponentiating it. Note that the absolute rates have different midlines for the three categories.
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between the hazard of birth with PE and the time of year of concep-
tion, with inclusion of the first harmonic (p<10−12). Thus, the data
are inconsistent with constancy of risk across the times of year of
conception, even after accounting for the mix of risk factors that is
differential across seasons of conception. The fitted curve shown in
Figure 1b is derived from the first harmonic for season; the dis-
played curve was computed by exponentiating the logarithm of the
fitted adjusted hazard ratio at mean values of the covariates (entered
as means of corresponding dummies for categorical variables): edu-
cation, region, maternal age, maternal age squared, marital status,
maternal smoking, primiparity, and interaction between region and
primiparity (included because it significantly improved the fit of the
model using a likelihood ratio test with p<0:05). The estimated rel-
ative hazard for birth with PE was highest for spring conceptions
and lowest for fall conceptions. Inclusion of additional harmonics
beyond the first did not measurably improve the fit (p=0:14 for the
second harmonic). The estimated amplitude (maximum risk in the
spring relative to minimum risk in the fall) associated with seasonal
variation in risk was about 20%.

Based on this model, which includes harmonic adjustment for
time of year of conception and Cox model adjustment for dura-
tion of pregnancy, the estimated hazard ratios for the confounders
included in the model, mutually adjusted for other factors in the
table, are shown in Table 2. Although Westreich and Greenland
(2013) cautioned against “the Table 2 fallacy,” the selection of
confounders appropriate for each of these factors is reasonable
except for the inclusion of time of year of conception, which can-
not plausibly be a cause of any of them. Nonetheless, omitting

time of year of conception yields results that are nearly identical to
those shown (see Table S3). One interesting observation was that
women who quit smoking during pregnancy had a PE risk that
was nearly as high as that for nonsmokers.

The season results were replicable across the three regions, as
shown in Figure 2a,c,e, which shows the moving averages for the
smoothed observed rates. The three independent relative hazard
model fits for the three geographic regions are shown in Figure 2b,
d,f, with the fits (again) each based on including the region-
specific means for the covariates. There was little statistical evi-
dence for heterogeneity in the seasonal patterns across regions
(p=0:92, based on a 4 degree-of-freedom test). The risk of PE for
babies conceived in early May was estimated to be about 20–25%
higher than that for those conceived in early November.

The overall estimated relative risk for smoking throughout
pregnancy was 0.61 [95% confidence interval (CI): 0.57, 0.65],
based on Table S3. To the extent that smoking may exert its pro-
tective effect by interfering with the mechanisms that cause higher
risk for spring conceptions, one would expect to see attenuation of
the amplitude of seasonal variation in risk in smokers. Separate
unadjusted but smoothed rates of PE based on season of concep-
tion for the three smoking-based categories of mothers are shown
in Figure 3a,c,e. Very similar seasonal patterns were evident in the
three categories of smoking, based on separate and independent
adjusted harmonic fits shown in Figure 3b,d,f, again using mean
values of the covariates for each of the three categories (p=0:64
for the test of interaction between season and smoking). Also, note
that the relative amplitude of seasonal variation in risk was just as

Figure 4. Parity-specific unadjusted smoothed rates and fitted adjusted relative rates of PE for primiparous (a,b) and multiparous (c,d) pregnancies in Norway.
The smoothed curve in (a), and (c) is based on a moving average of outcomes that uses a window encompassing ± 30 d from each day of the year, thus esti-
mating the fraction with PE among pregnancies conceived at each day of the year. The fitted relative rates shown in (a), and (c) are based on the first harmonic
(sine and cosine) fit separately to each of the two parity categories, primiparous (b), and parous (d), with models that are adjusted for the covariates maternal
age, maternal age squared, education, smoking (in three categories), marital status, and region (in three categories). The curve shown is based on entering the
parity-specific mean for all covariates, centering the estimated log hazard ratio and then exponentiating it.
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large in women who smoked throughout pregnancy, despite their
substantially lower overall risk. Although quitters appear in the
graph to have higher risk than the nonsmokers (note the contrast-
ing midlines for the absolute rates), that profile may partially be
explained by the fact that a much larger proportion of them are
having their first pregnancy (62% vs. 44%); the estimated adjusted
effect of quitting compared with nonsmokers was 0.91 (95% CI:
0.85, 0.97). The estimated adjusted effect for quitters compared
with continuing smokers was 1.50 (95% CI: 1.38, 1.63).

Results were also similar across the two categories of parity
(Figure 4) and did not depend on sex of the fetus (Figure 5). By
contrast, length of gestation did seem to make a difference. We
carried out an analysis based on restricting to gestational time
<34 completed wk, implying diagnosis of PE at <34wk. There
were 1,817 pregnancies with PE delivering before 34 wk and
16,610 delivering after 34 wk, and early deliveries showed little
evidence for seasonal effects of time of conception (p=0:11 for
the first harmonic). However, the position of the estimated peak
risk was similar to that for later-delivered pregnancies (see Figure
S1). Comparable analyses based on the first 37 wk of gestation
showed some evidence for a seasonal effect (p=0:048 for the first
harmonic) (fit shown in Figure 6).

In a final sensitivity analysis, we restricted analysis to preg-
nancies conceived by women who had been born in Norway
(82.9%), which yielded virtually the same results as the main
analysis (see Figure S2).

The sensitivity analysis carried out for the main model using
multiple imputation with chained equations to handle the missing

smoking data and without excluding counties showed results that
were consistent with the findings already described, but with
slightly smaller standard errors for the seasonal parameters. The
peak risk and the relative risk for spring compared with fall con-
ceptions changed very little. See Figure S3 for a revision of
Figure 1b based on MICE.

Discussion
The risk of PE in Norway is related to season of conception, with
an estimated amplitude of approximately 20%. We adjusted for
confounding by factors related to the timing of conception, and
for pregnancy duration by using a Cox model. With adjustment for
confounding, the highest rates were in mothers conceiving in May,
and the lowest in those conceiving in November. This pattern repli-
cated across different categories of the population. For example, the
pattern recurred in the three regions of Norway, despite the northern
region being less urban and more subject to extremes in temperature
and in the light/dark cycle, due to its high latitude. The seasonal pat-
tern was also similar in women having their first baby and women
who were parous. Finally, it was repeated across the three categories
of cigarette smoking. The replicability of the pattern, with its peak
in May and nadir in November, argues against this being a chance
finding, consistent with the statistical test of uniformity of risk
throughout the year (p<10−12).

Another possible source of spurious seasonal effects has to
do with preferred timing for conception, which could induce a
correlation between fecundability (and its correlates) and tim-
ing (Basso et al. 1995). However, the fact that the seasonal

Figure 5. Unadjusted smoothed rates and fitted adjusted relative rates of PE for boy births (a,b) and girl births (c,d) in Norway. The smoothed curve in (a),
and (c) is based on a moving average of outcomes that uses a window encompassing ± 30 d from each day of the year, thus estimating the fraction with PE
among pregnancies conceived at each day of the year. The fitted relative rates shown in (b), and (d) are based on the first harmonic (sine and cosine) fit sepa-
rately to each of the fetal sex categories, with models that are adjusted for the covariates maternal age, maternal age squared, education, primiparity, smoking
(in three categories), marital status, region (in three categories), and interaction between primiparity and region. The curve shown is based on entering the fe-
tal-sex–specific mean for all covariates, centering the estimated log hazard ratio and then exponentiating it.
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pattern we see is repeated across subpopulations with very dif-
ferent preferred times to conceive argues against the observed
seasonal pattern being produced by a seasonal fecundability
artifact.

Because timing of conception determines the timing of all
subsequent stages of pregnancy, we cannot infer from our analy-
ses that the relevant risk factor is necessarily a seasonal exposure
early in pregnancy rather than one that occurs at some later stage
of gestation. Because others have found time of conception to be
more predictive than time of birth (Phillips et al. 2004), we car-
ried out a harmonic logistic regression sensitivity analysis of the
Norwegian data, adjusting for the same covariates but considering
the timing of birth (rather than conception) as predictor. The esti-
mated pattern (as well as the p-value) was very similar, although
shifted forward by the gestational duration of 8–9 mo, with peak
risk seen for birth in the coldest months of the year and the lowest
risk seen for births in the summer (see Figure S4).

A further concern is that PE is associated with small-for-
gestational-age birth weight (Odegård et al. 2000), an observation
that presumably signifies effects of PE on fetal growth. Because
our clinical estimates for date of conception rely on ultrasound
measures, they could tend to systematically understate the age of
slow-growing fetuses. Such systematic bias would tend to shift
the identified seasonal pattern forward. Consequently, the peak
and nadir seasons for conception of PE pregnancies may be
slightly earlier than what we report. However, the proportion of
pregnancies where the last menstrual period-based dating differed

from the U.S.-based dating by 2 wk or more was similar for PE
(0.10) and non-PE (0.09) pregnancies, suggesting that differential
growth in early pregnancy is not an important source of bias.

We cannot be sure that the seasonal driver in Norway
would be the same as that in other populations, and thus the
pattern we see may not replicate in other cultures and climates.
Nevertheless, it does suggest the existence of an environmen-
tal contributor to the etiology of PE, which happens to vary
seasonally in Norway.

There is growing evidence that women destined to be diag-
nosed with PE have lower levels of vitamin D in their first trimes-
ter of pregnancy (Achkar et al. 2015; Bodnar et al. 2007). A
recent study of primiparous women found lower risk in those tak-
ing vitamin D supplements during pregnancy (Haugen et al.
2009). A randomized trial did not identify a reduced risk for PE
in women taking vitamin D supplementation (Mirzakhani et al.
2016). However, in a corresponding nested case-cohort analysis,
they found lower risk of PE in women with vitamin D levels of
30 ng=mL or higher at trial entry and in late pregnancy
(Mirzakhani et al. 2016). There is also evidence of a seasonal pat-
tern in vitamin D levels in Norway, with the highest levels typi-
cally in summer or fall (Brustad et al. 2007; Degerud et al. 2016;
Godang et al. 2014; Johnson et al. 2012). Unfortunately, we do
not have data on vitamin D. However, the seasonal patterns were
similar across extremes of latitude, suggesting that ambient UV
radiation, and its presumed effect on vitamin D, may not be a
major contributor.

Figure 6. Unadjusted smoothed rates and fitted adjusted relative rates of PE for birth before and birth after 37 wk gestation in Norway. The smoothed curve in
(a), and (c) is based on a moving average of outcomes that uses a window encompassing ± 30 d from each day of the year, thus estimating the fraction with
PE among pregnancies conceived at each day of the year. The fitted relative rates shown in (b), and (d) are based on the first harmonic (sine and cosine) fit sep-
arately to each of the two gestational ages, gestational age<37wk ðbÞ, and gestational age≥37wk ðdÞ, with models that are adjusted for the covariates maternal
age, maternal age squared, education, primiparity, smoking (in three categories), marital status, region (in three categories) and interaction between primiparity
and region. The curve shown is based on entering the preterm-category–specific mean for all covariates, centering the estimated log hazard ratio and then expo-
nentiating it.
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A recently published extensive review and meta-analysis
(Beltran et al. 2013) considered hypertensive disorders of preg-
nancy in relation to season and weather patterns. Seasonal
changes bring very different weather patterns in different parts of
the world and some studies have assessed time of year, whereas
others have considered location-specific meteorological corre-
lates, such as temperature, humidity, precipitation, or wind speed.
Also, some have focused on the time of conception, whereas
others considered the time of birth. These differences, together
with the fact that neither maternal smoking nor other confounders
are adjusted for in those analyses, make the evidence for seasonal
influences on PE difficult to harmonize and interpret. An earlier
systematic review (TePoel et al. 2011) found increased risk asso-
ciated with deliveries in the coldest part of the year, which is
somewhat consistent with the pattern we see for Norway. An ear-
lier report based on data from the Medical Birth Registry of
Norway (Magnus and Eskild 2001) found the lowest rate of PE
in births occurring in August (conceptions predominantly in
autumn), which is broadly consistent with what we find with
confounder-adjusted analysis of the more recent data. Beltran
et al., in their recent meta-analysis (Beltran et al. 2013), found an
overall positive association between temperatures at the time of
conception and risk. They speculate that “exposure to heat during
the first trimester of pregnancy” could be important. Our data do
not seem to support a strong role for heat exposure: The peak we
see is equally evident in the north of Norway, where summers are
not hot. (The highest daily average temperature in Hammerfest in
Finnmark County, Norway in July was 15�C ð59�FÞ, whereas that
for Oslo is 27�C ð81�FÞ.)

Whatever the seasonally acting risk factor may be, its effect
in Norway seems to be very similar in smokers and non-
smokers, based on the locations of the peak and nadir and the
amplitude of the estimated relative effects. The apparent ab-
sence of effect modification by smoking, parity and region sug-
gests that the differences in risk associated with those predictors
are due to factors that are unrelated to season. The fact that the
amplitude of the effect does not seem to be higher in the north-
ern part of Norway suggests that the changes in the light-dark
cycle and consequent effects on circadian rhythms are also not
central to the seasonal effect. Research to identify the factor
that drives those seasonal variations could help us devise strat-
egies for reducing risk.
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